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The preliminary design of a vertical, counterflow, shell and tube heat 
exchanger for use in a binary fluid power cycle is presented. The heat 
exchanger is to be part of a representative geothermal power plant generating 
10 MW utilizing geothermal brine at 350°F with isobutane as the working 
fluid. 
The computational procedure for determining heat transfer coefficients, 
tube lengths, number of tubes, and pressure drops is outlined. Detailed in 
graphical form are results of a parametric study showing how these four 
parameters are affected by changes in turbine inlet temperature, tube diameter, 
tube pitch, isobutane velocity, scale thickness, pinch point temperature 
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Although motive power generation from a low temperature source using 
a secondary fluid has been limited to a few applications thus far [1, 2J, 
more extensive use of such systems is being planned in order to utilize the 
energy available in low temperature geothermal fields [3, 4J. 
Heat exchangers will be at the interface between the geothermal fluid 
and the secondary fluid and will constitute an essential part of this 
particular means of energy conversion. The design of the primary heat 
exchanger will depend on parameters of the power producing cycle as well as 
on the properties of the geothermal fluid. 
This report is concerned with the effects of various parameters on the 
design of a heat exchanger to be used in a geothermal power cycle using a 
secondary fluid and is intended to be a first step in a program to arrive 
at an optimum design. Figure 1 is a schematic of the heat exchanger and the 
Rankine cycle using a secondary fluid. 
The heat exchanger to be studied is for a representative geothermal . . 
power plant of 10 MW capacity utilizing liquid brine at 350°F. The secondary 
fluid is isobutane, the substance selected by both Holt et al. [3J and 
Anderson [4J. 
Required for this study were sufficiently detailed correlations for 
convective boiling heat transfer in tube bundles which could be used without 
the introduction of artificial correction factors. Unfortunately, such 
correlations are highly proprietary in nature and were not available. 
However, correlations were found in the open literature for tubular flow 
[5, 6, 7, 8J. Since it is possible to treat the flow channels in a vertical 
shell and tube heat exchanger as annular tubes of some equivalent diameter, 
a vertical, counterflow, shell and tube heat exchanger was selected for this 
study. The arrangement of the tubes and the equivalent annular flow area 
are shown in Figure 2. Brine flows down through the tubes while the 
secondary fluid flows up on the shell side. A typical heat exchanger using 
this configuration is shown in Figure 3. 
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COMPUTATIONAL PROCEDURE 
Mass Flow Rates 
A preliminary study was conducted [9J of the simple Rankine cycle using 
isobutane for the following conditions: 
Power output 
Heat source 
Turbine inlet pressure 




Liquid brine at 350°F 
400 psia 
Saturated liquid at 100°F 
85% 
75% 
Pressure losses and heat losses neglected 
The resultant curves for the isobutane and brine flow rates required are 
shown in Figure 4. It is to be noted that a minimum exists in the brine flow 
rate curve for a turbine inlet temperature of 280°F. 
The relationship between the temperatures of brine and isobutane at 400 
psia is shown in Figure 5. For isobutane exit temperatures between 245°F and 
330°F, the pinch point occurs at station 3. 
Temperature Differences 
The log mean temperature of any section is obtained through the use of 
the following equation: 
To determine the log mean temperature difference of a section, the log mean 
temperatures of the brine and secondary fluid are computed and a difference 
is taken between the mean temperatures. 
7 
(1) 
Heat Transfer Coefficients 
In computing the shell side heat transfer coefficients, an equivalent 
diameter for the flow channel was calculated and used in Nusselt number 
expressions originally intended for circular tubes. In the single-phase 
sections, equations suggested by Kays [lOJ for fully developed turbulent 
flow in circular tubes were used. For the liquid-phase sections, the 
following equation was recommended: 
Nu = 0.0155 PrO. 5 ReO. 83 
The equation recommended for the vapor-phase section was 
Nu = 0.021 PrO. 6 ReO. 8 
Since the brine never departs from a liquid-phase, the tube side heat transfer 
coefficients were calculated from the same equation used for the liquid-phase 
portions on the shell side. 
In the region where boiling occurs, the correlation presented by Chen [5J 
was used. He postulated that two mechanisms contributed to the heat transfer 
process during convective boiling of a saturated liquid. The first mechanism 
is a macroconvective mechanism which normally operates with flowing fluids. 
The second mechanism is a microconvective mechanism which is associated with 
bubble nucleation and growth. As in other similar studies, it is postulated 
that the two mechanisms are additive in their contribution to the total heat 
transfer. 
For the macroconvective contribution, it was postulated that the heat 
transfer coefficient could be determined from a modified form of the Oittus-
Boelter equation. Chen suggested the following equation: 
where F is the ratio of the two-phase Reynolds number to the liquid Reynolds 
number based on the liquid fraction of the flow. The ratio F was assumed to 
be a function of the Martinelli parameter, Xtt , which is a two-phase flow 





flow parameter and analogous to momentum transfer in two-phase flow for which 
the Martinelli parameter is used. Experimental data confirmed the assumption 
and showed the actual dependence of F on the Martinelli parameter. The ratio 
F was found to increase with increasing values of the reciprocal Martinelli 
parameter, indicating the existence of a direct relationship between the 
turbulence associated with two-phase flow and vapor fraction. 
Chen used the analysis of Forster and Zuber [llJ as the basis for his 
formulation of the microconvective contribution to heat transfer. For the 
microconvective component, Chen suggested the following equation: 
H. = 0.On122 mlC 
k C 0.45 0.49 0.25 
L L PL 9c 
0.5 0.29,0.24 0.24 
a WL A Pv 
where s is the ratio of the effective superheat to the total superheat of 
the wall. The suppression factor, s, approaches unity at zero flow rate and 
zero at infinite flow rate. It was postulated, then experimentally verified, 
that s could be expressed as a function of the local two-phase Reynolds 
(5) 
number. In Equation (5), 6T represents the difference between wall temperature 
and the saturation temperature of the fluid. 6P is the difference in vapor 
pressure corresponding to 6T. 
The expression for the total heat transfer coefficient is simply 
Htotal = H. + H mlC mac 
Boiling coefficients were calculated for a quality of 50% from Equation 
(6). This quality was used because it represents the average quality of the 
entire boiling section. However, Chen's equation requires knowledge of the 
heat transfer area of the boiling section. This requirement compels the use 
of an iterative technique to determine the heat transfer coefficient and 
its corresponding heat transfer area. In the discussion on tube length 





To determine the tube length needed to transfer the required amount of 
heat from the brine to the secondary fluid, the flow was divided into three 
regions: the non-boiling, boiling, and superheated regions. The procedure 
used in the two single-phase regions was essentially the same. 
The required heat transfer from each tube was computed from the mass 
flow rate and the inlet and outlet conditions of the secondary fluid for 
each region; symbolically, 
Q =. (hSF ,i n - hSF ,out) mSF No. of Tubes 
From heat transfer considerations, 
Equating Equations (7) ~nd (8) and rearranging, gives an expression for 
tube length. 
In the above equations, Di' Do' Sc, and w denote inside diameter, outside 
diameter, scale thickness and reference to tube wall conditions, respectively. 
These equations are applicable to conditions where the heat transfer 
coefficients are independent of heat transfer area. As mentioned earlier, 





coefficient is indeterminable without knowledge of the heat transfer area. 
This would seem to prohibit the use of Equation (9) for determining tube 
lengths associated with the boiling region. It is possible, however, to use 
an iterative technique in which tube lengths are assumed, and, using Equation 
(9) in conjunction with other heat transfer equations, the tube length for the 
boiling region can be found. 
With the assumption of a tube length, the following equation allows th~ 
determination of the outside surface temperature of the tube: 
T SF ,w = TB,w - Q 
The surface temperature obtained from the preceding equation is used to 
determine the boiling coefficient of the secondary fluid, which upon 
substitution into Equation (9) yields a tube length. A comparison is then 
(10) 
made between the assumed and computed tube lengths. If the lengths are equal, 
then the tube length which corresponds to the conditions of the section in 
question has been found. If there should be a discrepancy between the lengths, 
then another length is assumed and the procedure is repeated. A flowchart of 
this procedure can be seen in Figure 6. 
Pressure Drop 
In the heat transfer analysis, the flow channels for the secondary fluid 
were treated as tubes of some equivalent diameter. This treatment of the flow 
channels was continued in the pressure drop analysis and relations developed 
for pipe flow were employed in determining pressure drops. 
Pressure drop in pipe flow is comprised of three components: frictional, 
gravitational, and accelerational. Preliminary computations showed that 
accelerational pressure drops were negligible in comparison to the frictional 
and gravitational components. Therefore, discussion will be limited to 
frictional and gravitational pressure drops. 
Single-phase frictional pressure drops are determined with the aid of 
friction coefficients associated with the flow conditions under consideration. 
The friction coefficient, when multiplied by (yLV 2 /29c)(L/D), results in the 
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frictional pressure drop of the section. In determining the friction coeffic-
ient, a functional representation of the Moody diagram was used. The relatlu" 
used is known as the Colebrook equation [12J and is shown br- .~. 
f = a + bRe-c 
a = 0.094kO•225 + 0.53k 
b = 88kO. 44 
c = ·1.62kO. 134 
k = E/D 
(11) 
f is the friction factor. In the Colebrook equation, E denotes the surface 
roughness of the tube.through which the fluid is flowing. In performing the 
actual friction coefficient computations, it was necessary to assume a surface 
roughness for the flow channel since no specific type of tube was being con-
sidered .. The assumed value of E was .00015 feet. 
Determining two-phase frictional pressure drops involved the use of 
a multiplier, ¢, which when multiplied with a pressure drop determined from 
single-phase relations, results in the two-phase pressure drop. An expression 
suggested by Wallis [13J for one-dimensional two-phase turbulent flow was employ-
ed to ascertain the values of the two-phase multipliers. In developing the ex-
pression for the multiplier, Wallis used a homogeneous equilibrium flow model 
in which the average values of velocity, temperature, and chemical potential are 
the same for each component. In the procedure suggested by Wallis, a liquid 
viscosity is used in the Reynolds number computation. The computed Reynolds 
number is then used to find a single-phase pressure drop in a manner similar to 
that described earlier. The pressure drop multiplier is given by 
(12) 
Since the quality in the boiling section varies from ° to 100%, an average 
quality of 50% was used to determine the pressure drop multiplier for the whole 
section. 
Gravitational pressure drop was the major contributor to the total pressure 
drop, and its contribution was calculated from the following expression: 
12 
(13 ) 
where D mean denotes mean dens i ty and A ; s the angl e between the tube ax; sand 
the direction of gravity. The mean density of the boiling section was obtained 
from the expression: 
1 X ---=-+ 
(14 ) 
Pmean r;v 
In the actual computations, the flow was divided into the three major sections, 
and the mean density and length of each section was used to compute the grav'i-
tational and frictional pressure drop of each section. The pressure drops for 
each secti on were them summed to gi ve the total pressut'e drop of the heat ex-
changer. 
DISCUSSION OF RESULTS 
Parameter values 
The results contained in this section were obtained using a computer program 
whose primary function was to compute tube lengths and pressure drops for vari-
ous input parameters. By varying the values of a particular input parameter, 
the effect of that parameter on tube length and pressure drop of a "standard 
heat exchanger" could be determined from the computer results. 
The values which make up the standard set of parameters are listed below: 
System pressure 
Turbine inlet temperature 




Brine inlet temperature 
Scale thickness 
Isobutane velocity 








7 feet per second 
20°F 
In utilizing the computer program, all parameters except one are assigned 
the above values. The parameter of interest is then allowed to vary through a 
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range to determine the effect of such variation on the other parameters. The 
following is a list of the parameters and their corresponding input values: 
Parameter Input Values 
System pressure 400, 600 psia 
Turbine inlet temperature 245, 260, 280, 300, 320 OF 
Tube diameter 1. 0, 1.5, 2.0 inch 
Pitch 1. 1 , 1.25, 1.5 
Scale thickness 0, 0.01, 0.075, 0.10 inch 
Isobutane velocity 4, 7, 10, 1 5 fps 
Pinch point temperature difference 10, 15, 20, 25 OF 
Effect of Turbine Inlet Temperatu.re 
Varying the turbine inlet temperature affects the design of the heat exchanger 
in several ways. One of the more significant effects involves changes in cycle 
efficiency which result in alterations of the mass flow rate of the working fluid. 
(See Figure 4). Another effect involves the outlet condition of the brine which 
changes as the turbine inlet temperature changes. Together these effects necessi-
tate changes in heat exchanger design as turbine inlet conditions change. 
The effect of the turbine inlet temperature on tube lengths can be seen 
in Fi~ure 7. The tube lengths associated with the boiling and superheat sec-
tions are seen to increase as the turbine inlet temperature increases. The tube 
lengths associated with the non-boiling section show an inverse relationship 
with turbine inlet temperature and decrease in length as the turbine inlet tem-
perature increases. 
The relationship which exists between tube lengths of the various sections 
and turbine inlet temperature would not be expected from an inspection of the 
heat transfer coefficients alone. Figure 8 shows the isobutane heat transfer 
coefficients of the different sections as a function of turbine inlet temperature. 
Heat transfer coefficients are seen to remain constant in the non-boiling section, 
decrease in the boiling section and increase in the superheat section, as turbine 
inlet temperature increases. Brine heat transfer coefficients, shown in Figure 9, 
are seen to have a direct relationship to turbine inlet temperature. The 
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heat transfer coefficient behavior would seem to suggest tube length behavior 
other than that which is seen in Figure 7. However, a more significant factor 
becomes apparent when brine temperatures are examined. 
Figure 10 is a temperature-enthalpy diagram which shows the effect of tur-
bine inlet temperature on brine temperatures. To the right of the pinch point 
the temperature difference between brine and isobutane decreases as the turbine 
inlet temperature increases, while temperature difference to the left of the 
pinch point increases. This change in the temperature difference has the effect 
of changing the rate of heat transferred between the two fluids. 
The heat flux associated with the tubes determines the necessary tube length 
and, as can be seen in Equation (15), it is directly proportional to the conduc-
tance and temperature difference between the fluids. 
(15 ) 
In general, heat transfer coefficients increase as turbine inlet temperature in-
creases, with the exception of the shell side boiling coefficient which decreases. 
Therefore, the conductance between the brine and isobutane will increase along 
with the turbine inlet temperature. However, the changes in the temperature dif-
ference are significantly larger than those of the conductance. Consequently, 
temperature difference dictates the tube length relation with turbine inlet tem-
perature. 
From the discussion above, it can be ascertained that the turbine inlet tem-
perature is a highly influential factor in heat exchanger design. It has been 
shown that a relation exists between heat transfer coefficients and turbine in-
let temperature. The relationship, however, is not the same for all sections. 
The increase in shell side heat transfer coefficient is seen to be very small 
~or the superheat section and can be attributed to changes in the transport prop-
erties resulting from the increasing mean temperature of the section. It has 
been shown that heat transfer coefficients associated with single phase forced 
convection flow are functions of the Reynolds and Prandtl numbers. The expres-
sions for Reynolds number, Re, and Prandtl number, Pr~ are given below. 
where G = pV 




Pr = pC 
k 
(17) 
An examination of the Reynolds number expression reveals that any effect attribu-
table to increased velocity is negated by the decrease in density. Therefore, 
transport properties alone affect the heat transfer coefficients in this section. 
In the boiling section, reductions in shell side heat transfer coefficients 
are experienced as turbine inlet temperature is increased. Boiling heat trans~ 
fer coefficients have been shown to be a function of wall temperature, or more 
specifically, the amount by which the wall temperature exceeds the saturation 
temperature of the evaporating fluid. Previously it was noted that the brine 
temperature in the boiling sPltion decreased with increasing turbine inlet tem-
perature. Reductions in brine temperature causes corresponding reductions in 
shell side wall temperatures and the associated boiling heat transfer coeffic-
ients. 
The shell side heat transfer coefficient in the non-boiling section is seen 
to be constant over the entire range of turbine inlet temperature. This was 
done intentionally by keeping the flow conditions fixed for each flow channel 
for all turbine inlet temperatures. This procedure was adopted in an effort to 
define flow conditions at a particular location and thus provide a basis for 
determining tube number. knowledge of which is essential for a heat transfer 
analysis. 
From Figure 2, it can be seen tllat each flow channel is associated with the 
equivalent of one-half of one tube. Knowledge of channel flow conditions allows 
the determination of the mass flow rate of each channel. Dividing the total 
mass flow rate by the mass flow rate assoc'iated with each channel results in the 
number of flow channels needed to accommodate the total shell side mass flow 
rate. Dividing the number of flow channels by two results in the number of tubes 
required to produce the necessary number of flow channels. The mass flow rate 
of the brine and tube number help to define tube side flow conditions which are 
necessary for the heat tran~fer analysis. 
The tube side heat transfer coefficients have been shown to increase in 
all sections as turbine inlet temperature increases. As turbine inlet tempera-
ture increases, the mass flow rate of the isobutane necessary to produce the 
desired power decreases and the number of flow channels needed to accomodate the 
isobutane also decreases. The number of flow channels dictates the number of 
tubes through which the brine flows. If the decrease in mass flow rate of the 
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brine was proportional to the decrease in isobutane mass flow rate, then tube 
side heat transfer coefficients would not vary significantly as turbine inlet 
temperature increased. However, the reduction in brine mass flow rate is not 
proportional to that of the isobutane. Figure 11 shows that the ratio of brine 
mass flow rate to isobutane mass flow rate increases with increasing turbine inlet 
temperature. Since the ratio of the brine mass flow rate to isobutane mass flow 
rate increases, as the turbine inlet temperature increases, there must be cor-
responding increases in brine velocity. The higher brine velocities result in 
higher tube side heat transfer coefficients. 
As a consequence of variations in tube lengths and fluid velocities as the 
turbine inlet temperature is increased, the pressure drop experienced through 
the heat exchanger also varies. Figure 12 shows the relation between shell side 
pressure drop and turbine inlet temperature. It is seen that a minimum pressure 
drop occurs at a turbine inlet temperature of approximately 275°F. Note in Fig-
ure 7 that the minimum tube length occurs between turbine inlet temperatures 
of 290°F and 300°F. The reason for the different points of minimum can be seen 
by examining the curves which show the sectional variation in tube length and 
pressure drop as turbine inlet temperature is increased. The existence of min-
imums in the total tube length and total pressure drop curves can be primarily 
attributed to the behavior observed in the superheat and non-boiling sections. 
In Figure 7 it is seen that the tube lengths associated with the different 
sections are of similar magnitude and until a turbine inlet temperature of 
approximately 295°F has been reached, the slope of the curve associated with the 
non-boiling section is the largest of the three curves and therefore, the behavior 
of the total tube length curve is dominated by the behavior of the non-boiling 
section. After 295°F, the slope of the curve associated with the superheat sec-
tion is the largest of the three and therefore, its behavior dominates the total 
tube length curve. Use of similar reasoning on the pressure drop curves will 
show that the superheat behavior becomes dominant at approximately 275°F. 
Since the minimum pressure drop occurs at 275°F and the minimum tube length 
occurs at 295°F, a turbine inlet temperature of 280°F was used for all other 
parameter studies. This temperature compromises between minimum length and min-
imum pressure drop. 
In an effort to determine the relationship between turbine inlet temperature 
and the amount of tube material necessary for the construction of the heat exchanger, 
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products were taken of the tube lengths and the corresponding number of tubes. 
The resulting products are proportional to the quantity of material required, 
and when plotted against turbine inlet temperature, the relationship between 
material quantity and temperature results. The resulting tube material versus 
turbine inlet temperature curve is shown in Figure 7. 
Material quantity is seen to decrease continuously from a maximum at the 
lowest turbine inlet temperature. Up to a turbine inlet temperature of 295°F, 
the reduction in the necessary tube material results from the decrease in 
tube lengths and tube number. In Figure 11, the curve relating tube number 
and turbine inlet temperature shows that the number of tubes required decreases 
throughout the turbine inlet temperature range. From Figure 11 it can be 
seen that the reduction in tube number is attributable to the decrease in 
isobutane mass flow rate as turbine inlet temperature ;s increased. When 
turbine inlet temperature becomes greater than 295°F, tube lengths are seen to 
increase. The increase in tube length, however, is not of a sufficient 
magnitude to offset the effect of tube number, which is still decreasing. 
Consequently, the tube material curve continues to decrease for turbine 
inlet temperature greater than 295°F. 
Effect of Tube Diameter 
Any parameter which can significantly alter flow conditions on either 
si de of the tube wi 11 have profound effects on the design of the heat exchanger. 
The inside tube diameter is such a parameter and Figures 13 and 14 show the 
effect of the inside tube diameter on total tube length, tube number, tube 
material, and shell side pressure drop. 
From the total tube length curve it is seen that the trend is one of 
increasia:1g tube length as diameter increases. The tube length behavior is 
tne result of the combination of two effects; the decrease in thermal resistance 
and the change in heat transfer requirements per tube as diametEtr increases. 
Figure 15 shows the effect of diameter on heat transfer coefficients and 
for both brine and isobutane, there is a decline in heat transfer coefficients 
as diameter incr,eases. The decrease in isobutane heat transfer can be attributed 
to the increase in channel size as diameter increases. Increases in channel 
size are experienced because tube pitch, or the S/Oo ratio, is kept constant 
and as tube diameter increases, the distance between centerlines of adjacent 
18 
tubes, S, and the equivalent flow channel diameter correspondingly increase. 
Single-phase heat transfer coefficients are functions of Reynolds and Prandtl 
numbers. Expressions for single-phase heat transfer coefficient generally 
have the following form: 
H = 
where E is a proportionality constant. Since the transport properties are 
unaffected by tube diameter, G and Pr are fixed for all tube diameters. The 
equivalent diameter of the flow channel, De, increases with increasing tube 
diameter. Re, as can be seen from Equation (16), is proportional to De, but 
since the exponent A is less than one, increases in tube diameter result in 
decreases in H. As seen in Figure 15, tube side heat transfer coefficients 
are more affected by changes in tube diameter than are the shell side 
coefficients. The reductions in tube side heat transfer coefficients result 
from two factors: the increase in tube diameter and the decrease in brine 
velocity. With the increase in channel size, there is a decrease in tube 
number, which is directly proportional to the change in channel size. In 
Figure 15 we see a relationship where the ratio of the cross sectional area of 
the tube to that of the channel increases as tube diameter increases. Since 
the mass flow rate of the brine is directly proportional to the c~annel area 
and the tube area is increasing faster than that of the channel, as tube 
diameter increases, the bulk velocity of the brine must decrease as tube 
diameter increases. An inspection of Equations (16), (17), and (18) shows 
that H decreases when velocity decreases and diameter increases. 
The expression for the thei ~al resistance between the brine and isobutane 
is given by: 
Inspection of Equation (19) indicates that reductions in heat transfer 
coefficients cause increases in thermal resistance. However, the increase in 




the reduced heat transfer coefficients and the net result is a decrease in thermal 
resistance as diameter increases. The lower thermal resistance permits the use 
of shorter tubes. 
The channel area and its associated mass flow rate increase as diameter 
increases; consequently, the heat transfer requirement associated with each tube 
increases correspondingly. Associated with the increased heat transfer requirement 
is the need for a larger heat transfer area. This need can be satisfied by 
increasing tube lengths. For the conditions under consideration, the requirement 
for increased area due to higher heat transfer needs outweighs the effect of the 
reduced thermal resistance and the result is increases in tube length as diameter 
increases. 
A factor which is of some significance in designing a heat exchanger is the 
amount of material required to produce the heat exchanger. Under conditions of 
constant tube diameter, the product of tube length and number is indicative of 
the relative amounts of tube material required. In this case, however, the product 
must also include the sum of the diameter and the tube wall thickness if an 
accurate indication of relative material use is to be obtained. 
The tube material curve of Figure 13 shows a steady increase as tube diameter 
increases. The effect of the increasing tube diameter and tube length outweighs 
the effect of the declining tube number. Therefore, the required material quantity 
increases as tube diameter increases. 
In Figure 14, increasing the diameter is seen to result in nearly proportional 
increases in total shell side pressure drop. This relationship can be attributed 
to the gravitational pressure h_k ........ .: ...... ~ ... Ut::fIOV lUI. As tube diameter is increased, the 
channel area and its corresponding equivalent diameter also increase. Increases 
in the equi'!~lent diameter of the channel result in proportional increases in the 
Reynolds 10mhe r . From the Moody diagram, it can be seen that the increase in 
Reynolds number results in slight reductions in the friction factor. Pressure 
drop is determined from the following equation: 
(20) 
Since velocity, V, is unaffected by diameter and the tube length, L, is nearly 
proportional to De, frictional pressure drop ;s proportional to the friction 
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factor, f. As seen in Figure 14, the decrease in frictional pressure drop is 
insignificant when compared to the increase in gravitational pressure drop. Gravi-
tational pressure drops are directly proportional to tube length. Consequently, 
total shell side pressure drop should be nearly proportional to tube diameter. 
Effect of Isobutane Velocity 
Heat exchanger-related computations were performed for isobutane velocities 
of 4,7,10, and 15 feet per second. The ve'locity referred to in this discussion 
is the isobutane velocity associated with the mean temperature of the non-boiling 
section. The effect of velocity on tube length, pressure drop~ and heat exchanger 
material is illustrated in Figure 16. 
The total tube length is seen to increase wHh increasing velocity. The mass 
flow rate associated with each flow channel can be determined from the following 
equation: 
• m = p/W (21) 
where A is the channel flow area. Since velocity, V, is the only variable 
changing 5 mass flow rate is proportional to V. As velocity increases, the mass 
flow rate of each channel increases proportionately and since the total isobutane 
mass flow rate is fixed, fewer channels and tubes ate necessary. The lengths of 
the individual tubes however, must increase as velocity increases. The use of 
longer tubes is necessitated by the need for more heat transfer area to accommo-
date the increased heat transfer requirements. Since the tube size ;s fixed: the 
only way in which the required heat transfer area can be obtained is by lengthen-
ing the tubes. 
Although the heat transfer requirements are exactly proportional to the 
mass flow rate of the isobutane, the relationship between tube length and mass 
flow rate is not one of exact proportionality. Increased fluid velocities on 
both sides of the tube result in higher heat transfer coefficients and an inspec-
tion of Equation (19) shows that reductions in thermal resistance will result. 
With the reduction of thermal resistance, higher heat fluxes are experienced which 
has the effect of reducing the necessary heat transfer area and its associated 
tube length. 
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For the velocities under consideration. the effect of tube length reduction 
due to reduced thermal resistance was far less significant than the effect of tube 
lengthening resulting from increased heat transfer requirements. Therefore s the 
net effect of an increase in isobutane velocity is an increase in tube length. 
The rate of increase in heat transfer requirements and heat transfer coefficients 
can be seen in Figure 17. 
The pressure drop curve of Figure 16 shows that pressure drop increases as 
velocity increases. From Equation (20) it can be seen that frictional pressure 
drop increases as a function of the square of the velocity. Gravitational pressure 
drops increase in accordance with the tube length increases resulting from the 
increases in velocity. The frictional and gravitational pressure drops combine 
to produce increases in the total pressure drop as velocity increases. 
The tube material curve of Figure 16 shows that mateY'ial quantity decreases 
as isobutane velocity increases. This relation results from a reduction in the 
number of tubes required as velocity increases. The reduction exper-ienced is 
inversely proportional to velocity and is of a magnitude which is significantly 
larger than the tube length increase dictated by the increased heat transfer 
requirement. Therefore, the product of the tube length and tube number~ which 
is "indicative of the amount of tube materia'] necessary, decreases as velocity 
increases. 
Effect of Tube Pitch 
In designing a heat exchanger, one of the parameters which must be considered 
is pitch 9 where pitch is the ratio of the centey'-to-center distance between two 
adjacent tubes to the outside diameter of a single tube. Alterations in pitch 
will significantly affect the flow conditions of fluids passing through the heat 
exchanger and as a result, quantities such as tube length and pressure drop will 
be greatly affected. 
If tube diameter is fixed, the effect of increasing the pitch is to increase 
the area of the flow channel, which necessitates the use of fewer but longer tubes. 
The effect of pitch on tube length~ tube number~ tube material 9 and pressure drop 
can be seen in Figures 18, 19, and 20. 
The tube length versus pitch curve of Figure 18 shows an almost linear rela-
tionship between tube length and pitch. As when considering the effect of velocity 
variation, there are two effects which must be considered. First~ there are 
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thermal resistance variations resulting from altered flow conditions, and second, 
consideration must be given to variations in length due to altered heat transfer 
requirements for the individual channels. 
From Figure 2, it is seen that each flow channel is associated with three 
tubes in a triangular array. The area of this flow channel is given by: 
A h ,...1 = D~2 [P"itCh2 (0.433) -, *J c anne I U 0 (22) 
From Equation (22) it can be seen that increases in pitch result in larger flow 
channels. It should be noted that although the size of the flow channel changes, 
isobutane velocity is held constanL The larger flow channels, however, allow 
the mass flow rate of each channel to increase as pitch increases. Consequently, 
the number of flow channels decreases since the total isobutane mass flow rate is 
unaffected by pitch. Since tube number is proportional to the number of flow 
channels, tube number decreases with increasing pitch. Brine mass flow rate is 
fixed, so as tube number decreases, brine velocity must increase proportionately. 
Since brine velocity increases as pitch increases and all other tube side 
heat transfer-related quantities are constant, Equations (16)~ (17), and (18) 
indicate that tube side heat transfer coefficients must increase. On the isobu-
tane side, only variations in flow channel size are experienced. As pitch 
increases, the size of the flow channel and its corresponding equivalent diameter 
also increase. An inspection of Equations (16), (17)5 and (18) indicates that 
heat transfer coefficient decreases as equivalent diameter increases. The 
changes in heat transfer coefficients causes alterations in the thermal resistance 
between the brine and isobutane. However, the changes in thermal resistance 
between pitches of 1.1 and 1.25 is 13%, and between pitches of 1.25 and 1.5, it is 
3%. 
If the changes in thermal resistance are neglected, the heat transfer area 
associated with each flow channel will be proportional to the mass flow rate of 
the isobutane. For the conditions under consideration, the mass flow rate ;s 
directly proportional to the cross sectional area of the flow channel. Therefore, 
the heat transfer area ;s directly proportional to the cross sectional area of the 
flow channel. Figure 18 shows a plot of the channel area versus pitch and it is 
seen that this curve is similar to the total tube length curve. Since the heat 
transfer area is directly proportional to tube length, this behavior is expected. 
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One of the curves in Figure 19 illustrates the relationship between material 
quantity and pitch. The amount of tube material necessary is largest for the 
smallest pitch and decreases continuously as pitch increases. This behavior can 
be understood by looking at the curve which shows the relation between the number 
of tubes and pitch. In this figure there ;s a continuous decrease in tube number 
throughout the pitch range. The total tube length is seen to increase through the 
pitch range but not in magnitudes which would offset the effects of the reduced 
tube number, and therefore, tube material continuously decreases as pitch increases. 
The total pressure drop curve of Figure 20 shows the existence of a minimum 
occurring at a pitch of 1.22. The occurrence of a minimum results from the inter-
action of two pressure drop-producing mechanisms. The first mechanism involves 
frictional pressure drop which is inversely related to channel size, and the second 
mechanism is associated with the gravitational pressure drop. 
The relationship between the fr;ctiona'l and gravitational pressure drops, and 
pitch can be seen in Figure 20. Since the two contributing pressure drops are of 
similar magnitudes, the behavior of the total pressure drop curve wi~l be dictated 
by the slopes of the component pressure drop curves. In the region bordered by 
pitches 1.1 and 1.22, the slope of the frictional pressure drop curve is greater 
than that of the gravitational pressure drop curve and as a result, the total 
pressure drop curve follows the trend dictated by the frictional pressure drop 
curve. For pitches greater than 1.22, the slope of the gravitational pressure 
drop curve dominates and the total pressure drop curve follows the trend it 
dictates. When pitch is less than 1.22, the dominant curve has a negative slope 
and for pitches greater than 1.22, a positive-sloped curve dominates. The result 
is a curve whose minimum is at a pitch of 1.22. 
Effect of Scale 
Largely due to its low thermal conductivity, scales must be considered as 
a very important factor in the design of a heat exchanger. To determine the 
effect of scaling on heat exchanger design, computations were performed for 
various scale thicknesses. Since it is not known what types of scale will form, 
thermal conductivities of the more common scales were examined and a mean conduc-
tivity of 0.9 Btu/hr-ft-F was obtained and used in the computations. 
The curves in Figures 21 and 22 show the effect of scaling on tube length, 
pressure drop, and thermal resistance. The most significant effect associated 
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with scale growth involves the increase in thermal resistance. Because scales 
have such low thermal conductivities, only thin layers are necessary to signifi-· 
cantly increase the thermal resistance between the fluids. In Figure 22 it can 
be seen that after a build up of only ,05 in., the scale resistance comprises 
95% of the total thermal resistance. Thus, for scale thicknesses greater than .05 
in., the thermal resistance associated with convection becomes almost negligible. 
In addition, tube side heat transfer coefficients increase with the development 
of scales~ which futher reduces the convective thermal resistance. The increase 
in tube side heat transfer coefficient results partly from the decrease 1n the 
inside tube diameter and partly from the 'increase in brine velocity, which is a 
consequence of the reduced diameter. From Equations (16), (17), and (18), it can 
be seen that the decrease in tube diameter and the increase in velocity results 
in higher heat transfer coefficients. 
There are two opposing influences act'ing on the thermal resista.nce between 
the two fluids. Tube side heat transfer coefficients are increasing as scale 
continues to develop. The effect of this is to decrease the thermal resistance. 
The effect of the increasing heat transfer coefficient is offset by increasing 
conductive resistance. For scale thicknesses greater than .05 in.~ the effect 
of convection is negligible and thermal resistance becomes proportional to scale 
thickness. For scale thicknesses less than .05 in., the combination of the 
conductive and convective effects results in a nearly linear relationship between 
thermal resistance and scale thickness. Thus 3 thermal resistance increases 
almost linearly with scale thickness. Since the only variable affecting the 
heat exchanger is thermal resistance, total tube length will be proportional to 
thermal resistance, which is nearly proportional to scale thickness. 
The shell side pressure drop curve of Figure 21 shows an almost linear 
relationship with scale thickness. This behavior is a consequence of the tube 
length and scale thickness relationship. Since the flow conditions on the 
isobutane side are unaltered by the presence of scales, frictional and gravita-
tional pressure drops become nearly proportional to tube length. A near linear 
relationship exists between tube length and scale thickness. Thus~ a near linear 
relationship between pressure drop and scale thickness must result. 
Effect of Pinch Point Temperature Difference 
The results described in the previous discussions were obtained by using 
a pinch point temperature difference of twenty degrees. This temperature 
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difference is a highly influential factor in determining the necessary brine 
mass flow rate. Factors which affect the mass flow rate of the brine will also 
affect the mean temperature of the brine in the various sections. It can be 
seen in Figures 23 and 24 that the effect of pinch point temperature difference 
variation on heat exchanger design is quite significant. 
When the pinch point temperature difference is increased, the energy removed 
per unit mass of brine decreases. As a result~ the brine flow rate must be 
increased to furnish the required amount of heat to the isobutane. Also, the 
reduced energy transfer per unit mass will result in higher brine temperatures 
throughout the heat exchanger. The increases in brine mass flow rate and tempera-
ture can be seen in Figures 23 and 24. 
In Figure 23 it can be seen that tube length decreases as the pinch point 
temperature difference increases. The decrease in tube length can be attributed 
to the increase in the log mean temperature difference between the fluids and 
the increased tube side heat transfer coefficients. Since tube number is not a 
function of the pinch point temperature difference, the brine flow rate of each 
tube must increase because, as can be seen in Figure 23, the total brine flow rate 
increases as the pinch point temperature difference increases. Higher mass flow 
rates result in higher brine velocities, and as shown earlier, this results in 
higher heat transfer coefficients. The increase in the mean temperature difference 
between the fluids and the increased heat transfer coefficients both have the effect 
of increasing the heat flux through the tubes. With the increase in heat flux, 
smaller heat transfer areas are needed and, therefore, shorter tube lengths are 
possible. 
Figure 24 shows that pressure drop decreases with increasing pinch point 
temperature difference. Since the flow conditions on the isobutane side are 
unchanged except for the lengths of the various sections, pressure drop is a 
function of length only. An examination of the tube length and pressure drop 
curves shows that similar relationships exist between the aforementioned 
quantities and pinch point temperature difference. 
Tube number is not a function of the pinch point temperature difference. 
As a result, tube material is exactly proportional to tube length. 
It has been shown that tube length, tube material, and pressure drop 
decrease as the pinch point temperature difference increases. Reduction in 
these quantities is desirable since lower heat exchanger costs usually result. 
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This cost relationship compels the use of high pinch point temperature differences. 
Therefore, a pinch point temperature difference of twenty degrees was used in all 
other parameter studies. Higher temperature differences may result in excessive 
brine flow rates and tube side pressure drops. 
Effect of Pressure 
The critical pressure of isobutane is 529 psia, so a system pressure of 
600 psia was used in the computational procedure to determine the effect of 
supercritical pressure on heat exchanger design. In Figure 25, the effect of 
pressure on cycle efficiency can be seen as the turbine inlet temperature is 
varied. The differences between the subcritical and supercritical efficiency 
curves will produce significant behavior differences in the respective tube length, 
tube material, and pressure drop curves. The aforementioned curves are shown in 
Figures 26, 27, and 28. 
Figure 26 shows that tube length continuously increases as the turbine 
inlet temperature increases. Examination of the tube length curves associated 
with the subcritical and supercritical temperature sections will explain the 
behavior of the total tube length curve. Up to a temperature of 275°F, which is 
the critical temperature of isobutane, the total tube length curve follows the 
tube length curve of the subcritical temperature section since no 5upercritical 
section exists. For turbine inlet temperatures greater than 275°F, a supercritical 
temperature section does exist and its contribution causes the total length curve 
to diverge from the subcritical temperature curve. When turbine inlet temperature 
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temperature section begin to decrease, while the tube lengths of the supercritical 
temperature section continue to increase. This results in the formation of a 
plateau in the total tube length curve as turbine inlet temperature exceeds 290°F. 
The decrease in tube length observed in the subcritical temperature section 
can be attributed to increases in the mean brine temperature of the section. The 
brine temperature curves in Figure 29 illustrates the increases in temperature. 
When turbine inlet temperature exceeds 290°F, the rate of increase of the brine 
exit temperature becomes significantly higher than the rate of decrease of the brine 
temperature at the critical point. This results in higher mean brine temperatures 
in the subcritical temperature section. 
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The increase in exit brine temperature results from the change in the brine 
conditions in the supercritical temperature section. As a consequence of the 
changed brine conditions, the ratio of the isobutane mass flow rate to brine flow 
rate, as can be seen in Figure 30, decreases. An examination of Figure 11 shows 
that as turbine inlet temperature increases, the mean temperature difference 
between the fluids in the supercritical temperature section decreases. Conse-
quently, more brine is needed to supply the necessary heat to each unit mass of 
isobutane. The brine temperature at the location where isobutane is at its 
critical temperature decreases as turbine inlet temperature increases. As turbine 
inlet temperature increases, brine flow rate is increasing at a rate which is 
high enough to offset the effect of the cooler brine entering the subcritical 
temperature section. Therefore, the amount of energy available to each unit mass 
of isobutane in the subcritical temperature section increases as turbine inlet 
temperature increases. Once turbine inlet temperature exceeds the critical tempera-
ture, the energy requirements per unit mass of isobutane in the subcritical tempera-
ture section remain constant. Therefore, the energy level and the temperature of 
the brine leaving the heat exchanger increases with increasing turbine inlet. 
The increases ;n tube length experienced in the supercritical temperature 
section can be attributed to increasing heat transfer requirements and decreasing 
mean brine temperature, as turbine inlet temperature increases. Although the 
total isobutane mass flow rate may be changing with turbine inlet temperature, 
the number of tubes is changing in a manner such that the isobutane mass flow rate 
associated with each tube remains constant. However, the enthalpy change across 
the supercritical temperature section increases as turbine inlet temperature 
increases. As a result, the heat transfer requirements of each tube increases 
as turbine inlet temperature increases. Examination of Equation (15) indicates 
that reductions in temperature difference results in decreases in the heat flux 
through the tube. There is an increase in conductance, U, resulting from increases 
in heat transfer coefficients, but the effect of the increased conductance is 
overshadowed by the decrease in temperature difference (see Figure 31 for heat 
transfer coefficient behavior). Therefore, heat flux through the tube diminishes 
as turbine inlet temperature increases. This coupled with the increased heat 
transfer requirements necessitates the use of longer tubes in the supercritical 
temperature section. 
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In the subcritical temperature section, both conductance and temperature 
difference increase with increasing turbine inlet temperature. This results in 
higher heat fluxes through the tube. Since the heat transfer requirement in 
this section is generally constant, the increase in heat flux allows the use of 
shorter tubes in this section. 
The tube material curve of Figure 27 illustrates the variation of material 
quantity with turbine inlet temperature. The undulating behavior of the tube 
material curve results from the relationships of tube number and tube length with 
turbine inlet temperature. The tube number versus turbine inlet temperature 
curve follows trends which are essentially the inverse of those followed by the 
efficiency curve. This relationship is to be expected since the mass flow rate 
of the secondary fluid is essentially inversely related to efficiency and for 
the conditions under consideration, the mass flow rate of the secondary fluid 
dictates the number of tubes to be used in the heat exchanger. Multiplying 
tube number by the corresponding tube lengths yields the amount of tube material 
necessary. 
The behavior to total pressure drop and its components ;s illustrated in 
Figure 28. The gravitational and subcritical frictional pressure drop curves 
both show decreases in pressure drop after reaching a maximum. In both cases, 
the decrease can be attributed to the decrease in tube length experienced in 
the subcritical temperature section as turbine inlet temperature becomes greater 
than 290°F. Shell side flow conditions are fixed in the subcritical temperature 
section for turbine inlet temperatures greater than the critical temperature of 
the secondary fluid. The frictional pressure drop of this section becomes a 
function of the tube length alone and follows the trends dictated by the tube 
length curve of the subcritical temperature section. The total gravitational 
pressure drop results from a sum of the gravitational components associated with 
the subcritical and supercritical temperature sections. In Figure 26 it can be 
seen that after the turbine inlet temperature exceeds 305°F, the rate of decrease 
in tube length of the subcritical temperature section is approximately equal to 
the rate of increase of the tube lengths associated with the supercritical 
section. The mean density of the isobutane is greater in the subcritical tempera-
ture section than in the supercritical temperature section. Consequently, the 
decrease in gravitational pressure drop in the subcritical temperature section 
is greater than the increase in gravitational pressure drop associated with the 
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supercritical temperature section. Therefore, gravitational pressure drop 
decreases as turbine inlet temperature further exceeds 305°F. The increase in 
the frictional pressure drop of the supercritical temperature section results 
from the increases in tube length and mean velocity of this section. A summation 
of the component pressure drops results in the total pressure drop relation seen 
in Figure 27. 
CONCLUDING REMARKS 
The following conclusions were drawn from the results of the subcritica1 
pressure and supercritical pressure cases: 
1. Systems using supercritical pressures will require significantly 
more tube material than systems employing subcritica1 pressures. 
2. Pumping requirements will generally be less for supercritical pressure 
conditions than for subcritica1 pressure conditions. 
Under subcritica1 pressure conditions, variations in turbine inlet tempera-
ture will produce the following effects: 
1. Tube lengths change significantly in the non-boiling and superheat 
sections, where they respectively decrease and increase as turbine 
inlet temperature increases. 
2. The total shell side pressure drop will change significantly as 
turbine inlet temperature is varied. 
3. An increase in the turbine inlet temperature will result in a decrease 
in the required quantity of tube material. 
Conclusions concerning the effect of inside tube diameter are as follows: 
1. Increasing the inside tube diameter will bring about nearly proportional 
increases in total tube length and total shell side pressure drop. 
2. The quantity of tube material necessary will increase if tube diameter 
is increased. 
The effect of pitch was considered and the following conclusions were 
drawn: 
1. Total tube length will increase as pitch increases. 
2. Frictional and gravitational pressure drops are similar in magnitude, 
but the relations between frictional pressure drop and pitch is the 
inverse of that associated with gravitational pressure drop and 
pitch. 
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3. The quantity of tube material required will decrease as pitch 
increases. 
Consideration of the effect of scaling resulted in the following observations: 
1. The presence of scale greatly increases the thermal resistance between 
the brine and isobutane. 
2. Total tube length and total shell side pressure drop increase almost 
proportionately with scale thickness. 
3. Since tube number is unaffected by the presence of scale, required 
tube material quantity ;s proportional to tube length. 
Consideration of the effect of pinch point temperature difference led to the 
following conclusions: 
1. Brine mass flow rate increases as the pinch point temperature difference 
increases. 
2. An inverse relationship exists with pinch point temperature difference 
for both total tube length and total shell side pressure drop. 
3. Since tube number is not a function of pinch point temperature 
difference, tube material quantity is proportional to tube length, and 
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Schematic of Rankine Cycle with Heat Input 
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Figure 2 Tube Arrangement of the Heat Exchanger 
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Figure 6 Flowchart of the Procedure Used to Determine 
Tube Lengths of the Boiling Section 
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Figure 15 The Effect of Tube Diameter on Heat Transfer 
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Figure 24 The Effect of Pinch Point Temperature Difference 
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Figure 25 The Effect of Pressure on Thel."11lal Efficiency 
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Figure 26 Relationship Between Tube Length and 
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Figure 27 The Effect of Turbine Inlet Temperature 
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Figure 28 The Effect of Turbine Inlet Temperature 
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Figure 29 Relationship Between Brine Temperature 
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Figure 30 The Effect of Turbine Inlet Temperature 
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Figure 31 The Effect of Turbine Inlet Temperature 
on Heat Transfer Coefficients 
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